Abstract. To investigate host factors affecting the delay of reappearance of malaria parasites after radical treatment, a study was underdaken in Dielmo, Senegal, an area of intense perennial malaria transmission. A 7-day course of quinine was administered to 173 asymptomatic persons from 1 to 85 years of age and reappearance of malaria parasites in the peripheral blood was monitored weekly for 14 weeks. Additional thick blood films were made in case of fever as part of a daily clinical surveillance. The median times before reappearance of Plasmodium falciparum were 22, 39, and 53 days among persons 1-6, 7-14, and Ն 15 years of age, respectively (P Ͻ 0.0001). Multivariate analysis indicated that the daily rate of reappearance of P. falciparum was 2.2 (95% confidence interval [CI] ϭ 1.2-4.5) times lower in sickle cell trait carriers than in AA individuals, and 1.5 (95% CI ϭ 1.1-2.1) times lower in bed nets users than in non-users. The risk ratio for the daily risk of reappearance was significantly related to the level of parasitemia before treatment. No influence of glucose-6-phosphate dehydrogenase deficiency, HLA-B53, and DR13 were observed. Findings show that monitoring during a few weeks the reappearance of malaria parasites after treatment among a small cohort of individuals naturally exposed to malaria is relevant for investigating host resistance factors. This suggest that small, low-cost, field trials may be very informative on the potential of new malaria vaccine candidates.
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Recent studies in highly malarious areas have shown an interest in assessing the delay of reappearance of malaria parasites in the blood after treatment to investigate the immune defense mechanisms operating at the pre-erythrocytic level, 1, 2 or to address the relationships among a continuum of sporozoite dose, duration of exposure, and recurrent parasitemia. [3] [4] [5] [6] Such studies may also provide useful information for the design of malaria vaccine trials among communities naturally exposed to malaria. The comparison of the incidence of new Plasmodium falciparum infections among vaccine and placebo recipients after the administration of schizonticidal drugs has been recommended by the World Health Organization to test in the field the efficacy of malaria vaccines directed against pre-erythrocytic and asexual blood stages of P. falciparum. 7 However, few baseline data from communities living in highly endemic areas are available, since most studies measuring the delay of reappearance of malaria parasites in the blood following treatment were aimed to investigate drug resistance without exploring other factors that could affect this delay. Here we explore relationships between resistance to reinfection and a series of host factors among a Senegalese community naturally exposed to intense perennial malaria transmission.
MATERIALS AND METHODS
The study took place in the village of Dielmo, Senegal, with 250 inhabitants, an area of intense and perennial malaria transmission where the entire population was involved in a prospective study of natural malaria infection and the mechanisms of protective immunity, which is described in details elsewhere. 8, 9 In January and in August 1992, two samples of 96 and 117 villagers from 1 to 85 years of age were administered a radical cure of quinine (Quinimax; Sanofi, Gentily, France; 25 mg/kg/day divided into 3 equal oral doses administered every 8 hr over a 7-day period by a medical field worker or a physician). They were then monitored weekly for 14 weeks for malaria parasitemia. In addition, each subject was visited daily at home for clinical surveillance and additional thick blood films were made in case of fever. Villagers were allocated at random either to the first or second study to limit the impact of treatment on malaria transmission and parasite diversity in the village. Only those who planned to stay permanently in the village during the whole surveillance period were enrolled in the study. Thick blood films were stained with Giemsa. Those collected during fever episodes were examined immediately and malaria treatment was given according to criteria based mainly on parasite density and age. 10, 11 Other blood films were examined at the end of the study. A total of 200 microscopic oil-immersion fields were examined on each slide (about 0.5 l of blood).
Biologic tests, including hemoglobin electrophoresis, HLA typing, and tests for glucose-6-phosphate dehydrogenase (G6PD) deficiency, were available for most subjects included in the study. The sickle cell trait, the HLA-B53 phenotype, the HLA-DR13 phenotype, and G6PD deficiency were common in the study population. These host genetic factors, which are known to confer protection against severe malaria, were included in the analysis of the results. Type of housing, the location of the house in the village, and the use of bed nets were noted for each person. Malaria transmission was monitored during the study. 12, 13 Night-bite collections of mosquitoes landing on human volunteers were carried out during the first week of each month (12 personnights of capture each month). Anopheline vectors were dissected and examined for sporozoites. The species of Plasmodium were determined using species-specific monoclonal antibodies to circumsporozoite protein. The average entomologic inoculation rate (EIR) was estimated to be at 46.1 and 38.4 infective bites per person during the periods January-April and August-November, respectively, and P. fal- (64) 23 (28) 24 (26) 10 (12) 9 (10) 81 92
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21 (43) 25 (50) 22 (73) 27 (84) 12 (100) 18 (37) 17 (34) 7 (23) 5 (16) 0 (0) 10 (20) 8 (16) 1 (4) ciparum was identified in 94% of the infected mosquitoes. For both study periods, similar patterns of variation of the EIR were observed, with maximum values during the 2 first months of each study (January ϭ 19.7-February ϭ 13.1; August ϭ 15.5-September ϭ 13.9) and minimum values during the two last months (March ϭ 9.7-April ϭ 3.6; October ϭ 3.2-November ϭ 5.8).
The cumulative incidence of new patent infections as a function of time was graphically represented using the Kaplan-Meier method. Because of departure from the assumption of proportional hazards, the differences in delay of reappearance of parasitemia between age groups were tested by the Kruskal-Wallis test and the effects of the other variables were tested using an age-stratified Cox model.
The study protocol and objectives were carefully explained to the assembled village population. Informed consent was obtained individually from all participants or their parents. Approval for the study was obtained from the Ministry of Health of Senegal.
RESULTS
A total of 193 of 213 subjects received a full course of treatment, of which 173 were monitored during the entire 14-week follow-up period. The characteristics of these subjects for the variables investigated are shown in Tables 1 and  2 . Among them, 124 (72%) were parasite positive before treatment, all except one were negative during the first week after the full course of treatment, and 157 (91%) had new patent infections between week 1 and week 14. Plasmodium falciparum was the most prevalent species before treatment and first or only new infections were generally due to this species (P. falciparum ϭ 151, P. ovale ϭ 3, P. malariae ϭ 3). In three cases, the only new infection was due to P. malariae (2 cases) or P. ovale (one case). Figure 1 shows that incidence rates were similar during the two studies. Their data were combined for further analysis and only P. falciparum is considered below. Data from children 1-2 years and 3-6 years of age were also combined since they had similar incidence rates ( Table 1) .
The median time interval before parasite reappearance was 4 weeks (interquartile interval 25-75% [II] ϭ 3-5 weeks), 6 weeks (II ϭ 5-9 weeks) and 8 weeks (II ϭ 6-12 weeks) among people 1-6 years, 7-14 years, and Ն 15 years of age, respectively (P Ͻ 0.0001, by Kruskal-Wallis test). The weekly risks of parasite reappearance in the different age groups were not proportional after the ninth week (Figure 2) . During the first 9 weeks, this risk decreased with age (P Ͻ 0.001) and was 2.5 (95% confidence interval [CI] ϭ FIGURE 2. Plasmodium falciparum cumulative incidence after treatment as a function of time according to age groups. 1.5-3.9) and 2.8 (95% CI ϭ 1.8-4.6) times lower in those 7-14 years and Ն 15 years of age, respectively, than in children 1-6 years of age. The delay of reappearance was longer in persons using a bed net than in non-users ( Figure 3 ; P Ͻ 0.01, by Mann-Whitney test) and in sickle cell trait carriers than in AA individuals (Figure 4 ; P ϭ 0.06, by Mann-Whitney test). The higher the parasitemia before treatment, the earlier reappearance occurred (P Ͻ 0.01, by Spearman correlation coefficient test). There was no significant association between the duration of this delay and either gender, G6PD activity, HLA-B53 phenotype, HLA-DR13 phenotype, type of housing, or location of the house in the village (P Ͼ 0.25 for each of these parameters).
Variables included in an age-stratified Cox model for a multivariate analysis were bed net use, sickle cell trait, pretreatment parasitemia, and study period. Independently of age and other factors, the weekly risk of parasite reappearance was 2.2 (95% CI ϭ 1.2-4.5) times lower in sickle cell trait carriers than in AA individuals (P Ͻ 0.02) and 1.5 (95% CI ϭ 1.1-2.1) times lower in bed net users than in non-users (P Ͻ 0.01). A 1,000 trophozoites/l increase in the level of pretreatment parasitemia was associated with a 1.6 (95% CI ϭ 1.2-2.1) risk ratio for the weekly risk of parasite reappearance (P Ͻ 0.001).
DISCUSSION
In this study, we used a 7-day regimen of quinine to clear malaria parasitemia. Since quinine has the advantage over other antimalarial drugs of being fully effective for the isolates from the study area, 14, 15 and of having a very short halflife in the body, the outcome of new infections after the end of treatment would not be influenced. Thus, reappearance of malaria parasites after treatment was likely to correspond to recently inoculated sporozoites, particularly in the case of P. falciparum and P. malariae, in which most hepatic forms are short-lived. Results suggest that most of the study subjects successfully resisted a large number of sporozoite inocula before presenting a new detectable infection. This may be due to host resistance either at the pre-erythocytic level or at the early blood stage level. In a human, 8-14 days generally transpire between P. falciparum sporozoite inoculation by a mosquito and the time of a first detectable parasitemia. The median delay of P. falciparum reappearance was 38 days, and this theoretically corresponded to 14 consecutive challenges by infected mosquito bites during the period starting on day 0 after the end of treatment and ending 2 weeks before parasite reappearance. Our data show that age was a major factor affecting this delay: on average, adults resisted significantly more challenges (20) than older children (13) and young children (7) . However, it is likely that differences in resistance between age groups were even greater since transmission was measured from collections of mosquitoes landing on adults male volunteers who are more exposed to mosquito bites than young children. 16 Furthermore, bed nets were used by half of the villagers enrolled in the study. Although these bed nets were not insecticide impregnated and were frequently in poor condition, the longer delay in persons using a bed net that in non-users suggests that bed nets significantly reduced exposure to infective mosquito bites. For these reasons, we believe that most young children resisted less than 3 or 4 challenges before successful infection. Differences between age groups probably reflect the high level of anti-parasite immunity that is acquired by individuals continuously exposed to intense perennial malaria transmission.
Reappearance of P. falciparum was significantly delayed in individuals with the sickle cell trait compared with AA individuals. Since the study of Allison, 17 numerous studies have documented protection afforded by sickle cell trait against malaria. However, to our knowledge, the present study was the first to investigate the influence of sickle cell trait on the delay of reappearance of malaria parasites after radical treatment. A possible explanation of our observations is that individuals with the sickle cell trait are resistant to certain genetic types of P. falciparum, an hypothesis that is also consistent with the imbalanced distribution of merozoite surface protein-1 genotypes related to the sickle cell trait that was recently reported in the same population. 18 In contrast, no effect of HLA-B53 and DR13 were observed. Hill and others 19 reported that severe manifestations of malaria were significantly less frequent in people expressing these antigens. They further identified cytotoxic T lymphocytes specific for a highly conserved motif of the liver-stage antigen-1 and proposed that MHC class I-restricted cytotoxic T lymphocytes specific for a malaria peptide able to associate preferentially with B53 could be responsible for an increased defense against malaria in such individuals. 20 Our results do not support the hypothesis that HLA-B53-restricted immune responses against liver-stage antigens would reduce the proportion of new infections emerging from the liver.
Parasite density at enrollment was an important factor affecting the delay of reappearance of P. falciparum, and this was independent of age and transmission season. A similar observation was reported from Kenyan children exposed to intense transmission. 6 Most known factors likely to influence the rate and density of parasitemia were controlled in our study. We believe that unknown genetic and/or immunologic factors could be responsible for high susceptibility to malaria, and thus associated with both increased parasite density when infected and rapid reappearance of malaria parasites after treatment.
We conclude that the delay of reappearance of malaria parasites following radical treatment is an useful indicator of anti-parasite immunity, as shown by the major differences between age groups in our study. It may reflect immunity both against pre-erythrocytic stages and early blood stages. The fact that monitoring a small cohort of Dielmo villagers for a few weeks was able to detect differences between subgroups of individuals is of considerable importance for the design of field vaccine trials since it suggests that small, lowcost trials may be very informative on the potential of new vaccine candidates. However, during such trials, the possible confounding effects of host genetic factors and individual differences in exposure to transmission must be controlled.
